Abstract-High reliability and low electromagnetic interference (EMI) are two important factors for many industrial applications such as air based electric transport system charger (AETSC). Therefore, it is essential to introduce high reliability and low EMI power converters. This paper presents a new high reliability and low current ripple DC-DC converter. For the proposed converter, a spectrum analysis approach for suppressing the EMI using chaotic sinusoidal pulse width modulation is provided. In addition, the proposed converter has radio frequency (RF) EMI lower than 100 kHz. However, for higher than 100 kHz, EMI issue of the proposed converter has unsuitable situation.
INTRODUCTION
In AETSC applications, a power subsystem generates, distributes, regulates power, and stores it for periods of peak demand. The power subsystem may also need to convert and regulate voltage levels or supply multiple voltage levels. A power switch acts in on-or off-state. Hence, it is essential to increase the reliability of the converter. Moreover, it is necessary to protect it against short circuits and isolated faults. A satellite electric transport system, in some technologies, is fed through common DC bus. A subsystem includes communication, control and other sections. The importance of proper functioning of the subsystem depends on the electric transport system mission. EMI is a popular problem in electric transport systems. High-speed switching in power subsystems is the main source of EMI.
Switching in power conversion system generates conducted EMI noise through DC line between the power converter module and ground. In general, the flowing noise between two lines is called differential mode (DM) noise, and the flowing noise between each line and ground is called common mode (CM) noise. CM mode noise is mainly conducted through parasitic capacitance between component and ground plane. It is excited by the common mode voltage, which is source voltage of the top device or drain voltage of the bottom device in a phase. Also, the produced common mode voltage in motor terminals is the reason of leakage current. High value of dv/dt is also responsible for CM EMI as identified in [1] [2] [3] . On the other hand, High di/dt may result in differential mode (DM) EMI [4, 5] . Stray capacitors are excited by increasing the switching frequency. Stray capacitance consists of the capacitance between motor winding and motor body, power switch drain-source capacitor and other known and unknown capacitors.
Technological progress in the building of semiconductor device makes the growth of power and switching frequency of the power electronics device possible. This leads to desirable growth of voltage rise and fall rate, decreasing switching losses but also increasing EMI emissions and acoustic noise [6] [7] [8] [9] . Normally, EMI is suppressed by designing a filter to reduce the conducted interference in considerable frequency bands [7] . Size and weight of DC-DC converters are increased extremely by using filters. In order to remove filters and reduce EMI, various switching methods have been used. Firstly, soft switching method was proposed. Soft switching techniques [9, 10] have been proposed to reduce switching losses and switching stress on power electronics devices, which leads to the improvement of the energy efficiency and reliability of power converters. However, the effect of soft switching on EMI in boost converter is low [11] . Additional elements, such as diodes and capacitors, lead to increased cost of the converter. This problem is not desirable in some applications such as the power system of satellite. Therefore, the spread spectrum frequency modulation (SSFM) pulsating technique was proposed. This alternative option uses control signals in such a way that the output spectrum produces peak amplitudes lower than the conventional constant frequency trapezoidal signal and keeping the desired duty ratio [12] . Periodic and non-periodic SSFM spread the peak of energy in spectrum frequency. However, chaotic switching increases the output voltage ripple. Because of high ripple at output voltage and lower reduction of EMI, the SSFM approach is not useful for the boost DC-DC converter. In practice, the complex implementation of SSFM increases manufacturing cost. A method based on the combination chaotic and soft switching PWM was proposed to reduce EMI in boost converter in [13] . However, this approach needs two new diodes, and its implementation is complex. In this paper, the aim is a high reliability and low current ripple in a boost converter for high reliability EPS topology.
Active and passive filters are other methods for reducing EMI. In [14] , the effect of switching frequency on differential and common mode noise filter has been fully discussed. A large proportion of the volume and weight in DC-DC converters are related to the passive filters. By increasing the power density of converters, the mentioned proportion increases. Usually, the active filters require an additional and independent DC source. This is a major disadvantage for these types of filters.
Despite the important progress steps in the technological area, semiconductors and their associated circuitry are the main reason of failure in industrial applications. According to [15] , semiconductor and soldering faults are about 34% share of semiconductor device failures, whereas printed circuit boards' failure has 26% share. Power switch faults are typically caused by high thermal or voltage/current stress [16, 17] . Because any malfunction occurrence in the electric transport system may lead to human risks, the reliability issue is very problematic. In this paper, two power switches under a particular pattern are switched to increase the reliability of the studied converter and reduce the input current ripple. Low current ripple derived from battery can increase battery lifetime and increase the reliability of electric transport system charger.
EMI THEORY
The power converters are widely used in different applications such as general industrial equipments, transport machines, and power supply apparatuses. Inherently, power converters are the source of electrical noise and induce EMI. Therefore, it is important to carefully design power converters to meet the EMC requirements [18] . The main source of EMI emission in a power converter is the high-frequency switching at relatively high voltage and large current following a certain pulse-width modulation. A typical configuration of a power converter is shown in Fig. 1 , where a line impedance stabilization network (LISN) is connected to test the conducted EMI [19] . The generated EMI noise from the power converter can be separated into two components which are called the DM and CM [20] [21] [22] . As indicated in Fig. 1 , the DM noise flows through the operation paths, while the CM noise flows to the ground through the stray capacitance.
In [19] , a boost converter is considered to describe the generation of DM and CM EMI noise currents. Fig. 2 shows a boost converter with the stray capacitances. C 1 and C 2 are parasitic capacitors between the DC link and the ground plane. The capacitance between the DC cable and the ground plane (or capacitance between the PCB path and the ground layer) and the stray capacitance between the solar plane and the ground plane can be modeled with C 1 and C 2 , respectively. In Fig. 2 , C CM represents the parasitic capacitance between the ground and the power switch node. This node is a dynamic node Figure 3 . (a) Three-phase motor drive with CM input inductor and (b) its simplified CM equivalent circuit [20] .
with large dv/dt when the switch operates at high frequency. Due to the high switching frequency, the potential changes rapidly in this node. Therefore, it is considered as a hot-node. When switching function occurs, C CM is excited due to high dv/dt. High dv/dt consists of high-order harmonics. Therefore, the stray capacitors impedance will be low in the presence of high-order harmonics. Then, CM current flows to the ground. The flowing current through the loops consisting of inductor L, input capacitor C in , and dc voltage source called DM EMI.
To develop the cancellation CM EMI methods, a simple CM equivalent circuit model is commonly used for electric systems such as a motor drive system [23] . Figs. 3(a) and (b) show a three-phase motor drive with CM input inductor and its simplified CM equivalent circuit, respectively. A common-mode choke L 1 is placed at the dc input terminals for CM EMI filtering. The most important ground current path in a motor drive system is through the parasitic capacitance between stator windings and grounded motor frame. If the used switch is ideal, the inverter CM behavior can be modeled by an ideal voltage source V cm as follows:
One of the main sources of EMI emission in power converters is a switching function using a certain pulse width modulation (PWM). When conventional PWM switching method is applied to the power switches, a trapezoidal wave (finite rise and fall times) with constant switching frequency and variable duty ratio is usually obtained. Consequently, the accumulation energy of the EMI spectrum is placed at the fundamental switching frequency and its harmonics. The proposed option uses controlled frequency in PWM function in such a manner that it produces a spectrum with peak amplitudes lower than the conventional constant frequency trapezoidal signal at the output, while the desired duty ratio is constant. If variable switching frequency (with finite and certain variance) is obtained by modulating the base frequency, the initial energy of each harmonic will be spread along a band of frequencies which is called spread spectrum frequency modulation (SSFM). Figure 4 shows the spectra comparison of a pure sinusoidal signal with frequency f c and the same signal modulated in frequency with a defined Δf c at the nominal rate of f m and following a sinusoidal profile. In Eq. (1), the general analytical expression of pure sinusoidal signal in time domain is written as follows:
θ(t) is time-dependent phase angle that its relationship is:
Due to the modulation, the energy of f fundamental component spreads into a neighbor band B. This band is given by Eq. (3):
The bandwidth associated with harmonic is defined as follows:
The bandwidth associated with hth harmonic increases with increasing the order of harmonic. Hence, the overlapping phenomenon may occur at higher harmonics as seen in Fig. 5. 
CHAOTIC CARRIER
The basic structure on chaotic soft switching is based on a chaotic mapping and sawtooth generation. It is difficult to obtain this carrier in a practical circuit. In [21] , an applicable and practical real-time chaotic carrier design has been proposed as shown in Fig. 6 . The nth sawtooth signal can be determined by the following mapping:
where T C is the main frequency of the switch which is constant. x n is the nth output of chaotic mapping and β a modulation factor. As an example, the chaotic sequence x n can be generated by the logic mapping which is described by Eq. (8) .
It is clear that the largest chaos occurs in α = 2 which is used for the studied chaotic mapping. T C and β are considered to be 10 µs and 0.2. It is obvious that the generation of a chaotic ramp is complex. Therefore, off-line chaotic sawtooth generator is used. The chaotic sawtooth waveform can be seen in Fig. 7 . 
HARD, SOFT, AND CHAOTIC SOFT SWITCHING
The circuit of soft switching PWM Boost converter is shown in Fig. 8 . Elements L 2 , L 3 , D 1 , D 2 and C 1 have been used to satisfy soft switching. In this converter, the magnitudes of L 2 and L 3 are much less than the value of inductor L 1 . Also, capacitance C 1 is smaller than capacitance C 2 . Seven different modes based on the principle of soft switching are analyzed for the Boost converter. These modes have been described in [24] . Input current of soft chaotic switching converters. Comparing the noise spectrum of various converters is appropriate for determining the best converter in terms of EMI. Firstly, the hard switching boost converter is simulated. To obtain the spectrum of electromagnetic noise with sampling time of simulation, Fourier analysis has been used. The output voltage of hard switching converter is shown in Fig. 9 . In Fig. 10 , the units of vertical and horizontal axes are dB and logarithmic frequency of Hz, respectively. According to Fig. 10 , the EMI peaks appear in the switching frequency and its multiples. These peak values are high which cause to inject noisy current into common DC bus. Soft switching is applied in order to reduce the losses and EMI. However, the soft switching method in boost converter has no considerable effect on EMI reduction. Therefore, discussion on the results of soft switching method is avoided. For simulation, the combination of soft and chaotic switching methods is used. Simulation result is shown in Fig. 11 . This figure shows frequency spectrum of input current. Due to the off-line control of chaotic switching method, the peaks are eliminated from the frequency spectrum of the input current (see Fig. 11 ). It causes the peaks of energy to be spread in the adjacent bands of the mentioned peaks.
THE PROPOSED CONVERTER
The circuit of the proposed converter is shown in Fig. 12 . The presented converter has two switches S and S 1 . Switch S 1 is in series with a small inductance that its value considered to be 100 nH.
The amplitude of DC voltage source is 100 volts, and the values of output capacitor (C) and inductor (L 1 ) are assumed to be 10 µF and 0.6 mH. The used carrier and reference waveforms are shown in Fig. 13 . By knowing the power of output load, the average current of load is determined, so its value is considered as a reference current. The output voltage and input current of the proposed converter are shown in Fig. 14 and Fig. 15 , respectively. As indicated in this figure, by implementing the mentioned switching method for the proposed converter, the input current ripple is low. Also, by comparing the setting time of output voltage of proposed converter with the setting time of hard switching method (see Fig. 9 ), it is clear that the setting time of the proposed converter is lower.
By comparing the spectrum in three conditions (shown in Fig. 16 ), i.e., hard, chaotic soft switching and the switching method of the proposed converter, these results can be seen:
• Low frequency components of the proposed switching method are smaller than two other methods which cause lower RF noise.
• Due to higher switching frequency in the proposed converter, the high frequency components have worse situation that causes interference with communication and control systems.
The main feature of the proposed converter is high reliability because there are two power switches. In this converter, every switch with corresponding pulsating order can supply the load. If any switch fails, the proposed converter can supply the load. Due to EMI spectrum reduction, the proposed converter has suitable noisy situation in comparison with the conventional boost converter. High frequency components of the input current are lower than hard switching. The low frequency components of input Input current of the proposed converter. The EMI levels of the studied converters, in three frequency ranges, are shown in Table 1 . The maximum amplitude of EMI spectrums in the defined frequency ranges are inserted in this table. As indicated in this table, for f < 20 kHz and 20 kHz < f < 100 kHz, the hard switching and chaotic soft switching converters have higher RF EMI than the proposed converter. Therefore, the proposed converter is suitable for RF frequency ranges. However, for f ≥ 100 kHz, the performance of presented converter is unsuitable.
CONCLUSION
In this paper, a new converter with improved switching method is presented. The proposed topology uses two power switches which increase the reliability of the proposed converter. It is compared with hard, soft, and chaotic soft switching methods. It is demonstrated that the EMI of the proposed converter is reduced which is an important advantage of the proposed topology and its switching method. For lower order of frequency components, the EMI noise has a better performance. However, the EMI noise in higher order of frequency components has unsuitable operation. The proposed converter can be used for aerospace based electric transport system charger applications.
